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Abstract 

Electrochemical  impedance  spectroscopy  (EIS)  was  performed  during  the  first  charge  of  a  graphite/lithium  metal  test  cell  to  determine  the  effect 
of  an  additive  to  a  polysiloxane-based  (PS-B)  electrolyte  on  passive  film  formation  on  graphite  surface.  The  graphite  electrode  was  separated  from 
the  lithium  metal  electrode  by  a  porous  polyethylene  membrane  immersed  in  the  PS-B  electrolyte  containing  dissolved  vinyl  ethylene  carbonate 
(VEC)  and  lithium  bis(oxalato)  borate  (LiBOB).  The  presence  of  the  VEC  additive  suppressed  the  formation  of  a  gel-like  passive  film  on  the 
graphite  electrode,  and  increased  the  discharge  capacity  [H.  Nakahara,  A.  Masias,  S.Y.  Yoon,  T.  Koike,  K.  Takeya,  Proceedings  of  the  41st  Power 
Sources  Conference,  Philadelphia,  14-17  June,  2004,  p.  165].  EIS  analysis  of  the  charged  graphite  electrode  revealed  that  the  addition  of  VEC 
decreased  the  passive  film  resistance,  the  film  capacitance,  and  the  charge  transfer  resistance.  The  dependence  of  film  resistance  on  cell  voltage 
corresponded  only  to  island-like  film  formation,  as  opposed  to  gel-like  film  formation.  This  finding  was  supported  by  SEM  observations  that 
revealed  no  gel-like  film  formation  [H.  Nakahara,  A.  Masias,  S.Y.  Yoon,  T.  Koike,  K.  Takeya,  Proceedings  of  the  41st  Power  Sources  Conference, 
Philadelphia,  14-17  June,  2004,  p.  165],  The  VEC  addition  decreased  the  film  resistance  and  the  charge  transfer  resistance,  which  increased  the 
discharge  capacity  of  the  graphite  electrode. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Past  research  has  focused  on  the  formation  of  the  solid 
electrolyte  interface  (SEI)  on  the  graphite  electrode  surface  in 
non-aqueous  electrolytes,  such  as  the  ethylene  carbonate/diethyl 
carbonate  system  [2,3].  In  these  reports,  the  authors  determined 
that  exfoliation  of  graphene  layers  occurred  during  initial  charg¬ 
ing  in  propylene  carbonate-based  electrolytes  because  of  co¬ 
intercalation  of  solvent  [2,4].  Earlier  studies  asserted  that  the 
SEI  film  formed  mainly  by  a  solvent  decomposition  reaction, 
and  that  it  was  composed  of  ROCCLLi  species,  U2CO3,  and  LiF 
[5-8] .  Investigators  concluded  that  the  novel  lithium  salt,  lithium 
bis(oxalato)  borate  (LiBOB),  forms  an  SEI  film  directly  on 
graphite,  rather  than  by  a  solvent  decomposition  reaction  [9-1 1  ]. 


DOI  of  original  article:10.1016/j.jpowsour.2005.09.041. 

*  Corresponding  author.  Tel.:  +1  818  833  2000;  fax:  +1  818  833  2001. 
E-mail  address:  hiroshi@quallion.com  (H.  Nakahara). 

0378-7753/$  -  see  front  matter  ©  2005  Elsevier  B.V.  All  rights  reserved, 
doi:  10. 1016/j  .jpowsour.2005 .09.050 


More  recent  studies  have  concluded  that  polysiloxane  may 
be  a  suitable  electrolyte  in  a  lithium  polymer  battery  system 
because  of  the  high  conductivity  relative  to  other  polymer  mate¬ 
rials  [12-15].  For  example,  polyethylene  oxide  (PEO)  is  a  well- 
known  solid  polymer  electrolyte  that  shows  conductivity  in  the 
range  of  10-6  to  10~7  S  cm-1  [16].  However,  the  conductivity  of 
the  polysiloxane-based  (PS-B)  electrolyte  exceeds  that  of  PEO 
by  several  orders  of  magnitude,  with  a  value  of  approximately 
10-3  Scm-1  [17]. 

The  PS-B  electrolyte  has  emerged  as  a  primary  candidate  for 
the  development  of  large  lithium  batteries  for  applications,  such 
as  electric  vehicles,  in  which  safety  is  a  prime  consideration  [17]. 
Despite  numerous  reports  of  SEI  film  formation  in  conventional 
electrolyte,  there  have  been  few  studies  of  the  SEI  formation 
in  PS-B  electrolytes.  In  one  report,  the  existence  of  two  types 
of  passive  film  and  the  associated  morphological  features  was 
revealed  by  SEM  observations  [1],  One  passive  film  was  island¬ 
like  and  formed  directly  on  the  graphite  surface,  while  the  other 
was  a  gel-like  film  covering  the  island-like  film  [1]. 
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Electrolyte  additives  have  been  developed  to  modify  graphite 
electrode  surfaces  in  order  to  improve  two  major  performance 
metrics  of  the  electrode  in  lithium  secondary  batteries.  The  first 
aim  is  to  reduce  the  irreversible  capacity  via  additives,  such 
as  ethylene  sulfide,  vinylene  carbonate,  halogenated  solvents, 
and  chloroethylene  carbonate  [18-23].  The  second  aim  is  to 
increase  capacity  retention  after  cycling  via  additives,  such  as 
vinyl  acetate,  divinyl  adipate,  and  ally  methyl  carbonate  [24-26]. 
In  a  recent  study,  the  addition  of  vinyl  ethylene  carbonate  (VEC) 
to  a  PS-B  electrolyte  increased  the  discharge  capacity  of  the 
graphite  electrode  and  inhibited  gel-like  film  formation  [1], 
However,  the  reason  for  the  increase  in  discharge  capacity  has 
not  been  clarified  yet. 

In  a  recent  study,  electrochemical  impedance  spectroscopy 
(EIS)  was  used  to  analyze  changes  in  the  graphite  electrode  dur¬ 
ing  the  initial  charging  in  PS-B  electrolytes  [27],  The  EIS  results 
indicated  that  the  charge  transfer  resistance  was  larger  than  that 
of  the  other  electrolyte  systems.  The  analysis  suggested  that 
decreasing  charge  transfer  resistance  was  essential  to  increase 
the  discharge  capacity  of  the  negative  electrode. 

In  this  study,  EIS  measurements  were  performed  while  charg¬ 
ing  the  graphite  electrode  with  polysiloxane-based  electrolyte 
containing  VEC  and  dissolved  LiBOB  salt.  The  objective  was 
to  gain  understanding  of  the  effect  of  VEC  addition  to  the  PS-B 
electrolyte  on  the  electrical  properties  of  the  graphite  surface. 
The  dependences  of  the  resistance  and  capacitance  of  the  pas¬ 
sive  films,  the  electric  double-layer  capacitance,  and  the  charge 
transfer  resistance  on  the  cell  voltage  were  determined.  The 
findings  clarify  the  underlying  causes  of  the  increase  in  the  dis¬ 
charge  capacity  of  graphite  electrode  after  VEC  addition  to  the 
polysiloxane-based  electrolyte,  as  demonstrated  previously  [1], 

2.  Experimental 

2.1.  Electrode  morphology  and  composition 

The  molecular  structure  of  poly  (dimethyl)  siloxane 
polyfethylene  oxide)  investigated  in  this  study  is  shown  in 
Fig.  1.  In  the  present  experiments,  the  molecule  indexed  at 
m  =  0,  n  =  8.  and  x  =  3  was  used.  Lithium  bis(oxalato)  borate 
(Chemetall  GmbH),  was  dissolved  in  poly(dimethyl)  siloxane 
polyfethylene  oxide)  to  achieve  a  0.8  M  concentration  for 
testing.  VEC  (Sigma-Aldrich)  was  mixed  with  the  prescribed 
polysiloxane-based  electrolyte  as  10wt%.  The  electrolyte  was 
a  liquid  at  room  temperature. 

A  PS-B  electrolyte  containing  VEC  additive  and  dissolved 
LiBOB  was  used  to  modify  the  surface  of  highly  oriented 
pyrolytic  graphite  (HOPG).  The  PS-B  electrolyte  without  VEC 
was  also  evaluated  as  control  electrolyte.  A  block  of  HOPG 
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Fig.  1.  Molecular  structure  of  poly(dimethyl)  siloxane  poly(ethylene  oxide). 


(2  mm  x  2  mm  x  1  mm)  was  used  as  the  working  electrode. 
Copper  mesh  was  wrapped  around  the  HOPG  block  electrode 
used  as  a  current  collector.  The  electrode  was  covered  with  a 
polyethylene  porous  separator,  and  lithium  metal  was  pressed 
against  a  copper  mesh  and  used  as  the  counter  electrode.  The 
working  electrode,  counter  electrode,  separator,  and  electrolyte 
were  packaged  in  a  heat-sealed  aluminum  laminated  bag.  The 
laminated  cell  was  charged  to  0.02  V.  The  charged  electrode  was 
removed  from  the  disassembled  cell  in  a  glove  box  filled  with 
Ar  gas,  maintaining  the  dew-point  below  —75  °C,  rinsed  with 
diethyl  carbonate  (DEC),  and  dried  under  vacuum  at  room  tem¬ 
perature.  The  surfaces  of  the  HOPG  were  observed  by  SEM 
(JEOL  JSM-5910LV)  after  sputter-coating  with  gold.  In  addi¬ 
tion,  the  composition  of  specimens  was  analyzed  using  energy 
dispersive  X-ray  spectroscopy  (EDX;  Oxford  Instruments,  EDS 
INCAEnergy  7274). 

2.2.  Electrochemical  impedance  spectroscopy 

The  graphite  electrodes  were  prepared  by  mixing  33.6  g  of 
mesocarbon  microbeads  (Osaka  Gas  Co.,  Ltd.,  MCMB  25-28), 
14.4  g  of  graphite  fiber  (Petoca  Co.,  Ltd.,  GMCF),  62.6  g  of 
2  wt%  aqueous  solution  of  carboxymethyl  cellulose  (Dai-ichi 
Kogyo  Seiyaku  Co.,  Ltd.,  Celogen  WSC),  and  1.88  g  of  a  40% 
aqueous  dispersion  of  styrene  butadiene  rubber  (Dai-ichi  Kogyo 
Seiyaku  Co.,  Ltd.,  BM-400)  in  a  mixer.  The  mixture  was  spread 
on  a  copper  foil  (10  |xm  thick)  with  a  doctor  blade  and  dried 
in  an  oven  at  80  °C.  The  dried  electrode  plate  was  then  pressed 
using  a  roll  press  to  a  thickness  of  102  |xm.  Pressed  electrodes 
were  dried  in  a  vacuum  oven  at  120  °C  for  12  h.  The  carbona¬ 
ceous  electrodes  (15  mm  in  diameter)  were  punched  out  of  the 
dried  electrode  plate.  Lithium  metal  electrodes  (16  mm  in  diam¬ 
eter)  were  punched  from  a  lithium  metal  sheet  (Honjo  metal, 
100  |xm  thick).  Coin  cells  (2032-type)  were  prepared  by  stacking 
a  lithium  metal  electrode,  a  separator,  a  carbonaceous  elec¬ 
trode,  spacer  disks  made  from  stainless  steel,  and  a  spring  in 
sequence.  The  separator  was  a  25  (xm- thick  polyethylene  porous 
membrane  (Tonen  Chemical  Co.,  Ltd.).  The  polysiloxane-based 
electrolyte  containing  VEC  additive  and  dissolved  LiBOB  was 
filled  into  the  assembled  cell.  All  parts  used  for  the  coin  cell 
assembly  were  dried  in  a  vacuum  oven  at  60  °C  for  more  than  8  h. 

AC  impedance  measurements  were  performed  with  a  poten- 
tiostat  (Solartron,  SI  1287)  and  a  transfer  function  analyzer 
(Solartron,  1255B).  The  frequency  used  for  the  impedance  mea¬ 
surements  was  2  mHz  to  1  MHz,  and  the  signal  amplitude  was 
10  mV.  Potential  step  coulometry  was  performed  with  an  electro¬ 
chemical  interface  (Solartron,  SI1287).  Impedance  spectra  were 
measured  after  the  cell  had  been  charged  at  a  rate  of  C/200  to  the 
prescribed  voltage  and  maintained  at  that  voltage  for  24  h.  The 
voltage  was  then  stepped  to  the  next  potential,  and  the  proce¬ 
dure  was  repeated.  In  this  manner,  the  cell  was  charged  from  the 
initial  open  circuit  voltage  (OCV)  down  to  0.05  V  at  25  °C.  The 
counter  electrode  and  the  reference  electrode  were  lithium  metal. 

The  impedance  data  were  analyzed  using  commercial  soft¬ 
ware  (Scribner  Associates,  Inc.,  Zview™)  that  included  a  batch 
fitting  function.  The  function  was  used  to  perform  fitting  for 
multiple  sets  of  impedance  spectra  step-by-step.  In  this  method. 
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initial  values  of  the  parameter  were  obtained  from  values  fitted 
in  the  previous  step.  These  values  were  obtained  for  a  set  of 
measured  impedance  spectra,  from  which  a  complex  plane  plot 
was  generated  at  a  higher  voltage.  Next,  the  fitted  parameters 
generated  in  one  step  were  used  as  initial  values  to  fit  the  spectra 
of  the  next  step.  These  procedures  were  repeated  in  successive 
steps  until  the  values  of  the  fit  parameters  converged  [28].  The 
conductivity  of  electrolyte  was  calculated  using  the  real  part 
of  the  impedance  obtained  in  the  high-frequency  region  of  the 
complex  plane  pot. 

2.3.  LiCo02/graphite  cell  assembly  and  evaluation 

A  lithium  polymer  cell  comprised  of  lithium  cobalt  oxide 
(LiCo02)  cathode  and  a  graphite  anode  was  assembled  in  order 
to  investigate  the  effect  of  the  polysiloxane-based  electrolyte 
containing  the  VEC  additive  on  magnitude  of  discharge  capacity. 

A  mixture  was  prepared  consisting  of  10  g  of  LiCoCh  (Seimi 
Chemical  Co.,  Ltd.),  0.33  g  of  acetylene  black  (Denka  Singa¬ 
pore  Private  Limited),  0.78  g  of  PVdF  (Kureha  Chemical  Indus¬ 
try  Co.,  Ltd.),  and  A'- m e t h yl - 2 - p y r r o  1  i d o n e  (Sigma-Aldrich). 
The  mixture  was  spread  on  an  aluminum  foil  and  dried  in  an 
oven  at  80  °C.  The  dried  electrode  plate  was  then  pressed  to 
a  thickness  of  92  pun  using  a  roll  press.  Pressed  electrodes 
were  dried  in  a  vacuum  oven  at  120  °C  for  12  h.  The  LiCoC>2 
electrodes  (14  mm  in  diameter)  were  punched  out  of  the  dried 
electrode  plate.  Graphite  anodes  and  separators  were  prepared 
as  described  above.  Four  different  concentrations  of  VEC  (0,  5, 
10,  and  15  wt%)  in  polysiloxane-based  electrolyte  were  mixed, 
and  filled  in  assembled  coin  cells. 

Charge  and  discharge  cycles  were  performed  by  Arbin  battery 
cycler  BT2000  (Arbin  Instruments).  The  coin  cells  were  charged 
at  C/50  to  4.1  V  for  25  h,  and  then  discharged  at  C/50  to  2.7  V 
at  25  °C. 

3.  Implementation  of  equivalent  circuit  model 

Electrochemical  impedance  spectroscopy  is  a  powerful  tool 
to  investigate  electrolyte-electrode  interface  reactions  [29-37]. 
For  example,  EIS  has  been  used  to  analyze  the  electrochemical 
lithium  intercalation  reaction  into  carbonaceous  material  in  the 
carbonate  electrolyte  system,  and  the  subsequent  formation  of  a 
SEI  film  [38-44], 

EIS  data  for  lithium  ion  cells  and  lithium  metal  cells  have 
been  reported  extensively  [30-32,34,45].  In  related  work,  logic 
diagrams  and  equivalent  circuits  (ECs)  have  been  proposed  for 
cells  with  a  graphite/lithium  metal  configuration  [46-51].  In 
most  of  these  studies,  an  R-C  parallel  or  /?— CPE  parallel  cir¬ 
cuit  was  used  to  describe  the  presence  of  a  surface  film  layer 
on  the  electrode  [46,48-52],  EC  expresses  the  electric  property 
of  graphite  electrode  charged  in  polysiloxane-based  electrolyte 
(Fig.  2)  [27],  Segments  include  (a)  electric  connection  resistance 
and  the  electrolyte  bulk  resistance  corresponding  to  the  resis¬ 
tance  at  the  highest  frequencies,  followed  by  (b)  an  R-C  parallel 
circuit  describing  the  SEI  layer  in  the  middle  frequency  region, 
and  finally,  (c)  an  R-C  parallel  circuit  for  double-layer  capaci¬ 
tance  and  charge  transfer  reaction,  including  a  Warburg  diffusion 


Fig.  2.  Equivalent  circuit  for  graphite/polysiloxane-based  electrolyte/lithium 
metal  cell. 

term  in  the  low-frequency  region  corresponding  to  lithium  dif¬ 
fusion  in  the  solid  state  [38,41,42,49,53]. 

In  general,  because  semicircles  often  tend  to  be  depressed  in 
a  complex  plane  plot  due  to  electrode  geometry,  a  constant  phase 
element  (CPE)  is  used  in  an  EC  for  the  porous  electrode.  The 
use  of  a  CPE  is  justified  because  of  the  geometrical  effect  on 
capacitance  in  electrochemical  reactions  [54-56].  The  complex 
impedance  of  a  CPE,  Zcpe,  is  expressed  by: 


where  T  represents  the  pseudo-capacitance  that  is  modified  by 
the  electrode  geometry,  j  an  imaginary  number,  and  P  is  an  expo¬ 
nential  parameter  that  expresses  the  electrode  geometry  as  a 
number.  Finally,  u>  =  2nf  is  the  angular  frequency  and  /  is  the 
frequency  of  the  applied  AC  signal. 

In  Fig.  2,  the  EC  has  the  resistance  element,  7?eiect>  represent¬ 
ing  the  resistance  of  the  bulk  electrolyte,  and  an  //-CPE  parallel 
circuit  [46-51,57-60]  for  the  passive  film  with  resistance  /?fum 
and  constant  phase  element,  CPEfiim.  The  final  component  is  an 
//-CPE  parallel  [61]  element  that  represents  the  electric  double¬ 
layer  capacitance  as  a  constant-phase  element,  CPEji,  and  the 
charge  transfer  resistance,  Rct,  representing  the  site  where  the 
electrochemical  reaction  occurs.  Each  CPE  contains  the  pseudo¬ 
capacitance  and  exponential  parameter,  as  expressed  in  Eq.  (1), 
i.e.,  7'nhri  and  />ll|nl  forCPEfym,  and  7]n  and  /\n  for  CPE^i,  respec¬ 
tively.  The  diffusion  impedance  VT^diff  is  connected  in  series  to 
Rct  [55,60,62-64].  For  the  EC  element  representing  the  lithium 
movement  in  passive  films  and  the  electrochemical  reaction  at 
the  junction  of  graphite  and  electrolyte,  a  CPE  was  used  in  a 
parallel  circuit  coupled  with  a  resistance  to  describe  these  geo¬ 
metrical  features  mathematically. 

4.  Results 

4.1.  SEM  images  and  EDX  qualitative  analysis 

SEM  images  of  pristine  HOPG  before  lithium  intercalation 
show  the  smooth  surface  on  the  basal  plane  and  the  layered 
appearance  on  the  edge  plane  (Fig.  3a  and  b).  In  addition,  the 
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Fig.  3.  SEM  images  of  HOPG  block  charged  at  0.02  V  vs.  Li/Li+:  (a  and  b)  before  charging,  (c  and  d)  after  charging  in  polysiloxane-based  electrolyte  without  VEC 
(taken  from  Ref.  [2]),  and  (e  and  f)  after  charging  in  polysiloxane-based  electrolyte  with  VEC. 


SEM  image  of  HOPG  charged  in  the  PB-S  electrolyte  excluding 
VEC  is  shown  in  Fig.  3c  and  d  [1].  An  island-like  film  and 
a  gel-like  film  are  apparent  on  the  surface.  Furthermore,  SEM 
images  of  HOPG  charged  in  the  PB-S  electrolyte  with  VEC  are 
shown  in  Fig.  3e  and  f  [1].  There  is  a  significant  difference  in 
surface  appearance  for  electrolytes  with  and  without  VEC.  In  the 
presence  of  VEC,  an  island-like  film  is  present  on  the  surface  of 
HOPG,  but  a  gel-like  film  is  not.  At  last,  EDX  analyses  of  the 
HOPG  surface  showed  the  presence  of  silicon  for  HOPG  charged 
in  the  PS-B  electrolyte  without  VEC,  although  no  silicon  was 
present  in  VEC  [1]. 

4.2.  EIS  results 

The  EIS  data  plots  measured  at  2.5,  1.7,  0.4  and  0.05  V  are 
shown  in  Fig.  4.  Fig.  4a  shows  the  complex  plane  plots  for  PB- 


S  electrolyte  without  VEC,  and  Fig.  4b  is  for  that  with  VEC. 
The  semicircles  in  the  complex  plane  plots  are  suppressed  and 
contain  more  than  one  semicircle.  The  semicircle  in  the  middle- 
or  low-frequency  region  became  significantly  broader  as  the  cell 
voltage  was  decreased.  VEC  addition  decreased  the  diameter  of 
the  semicircle.  As  the  applied  voltage  was  decreased,  the  straight 
line  in  the  low-frequency  region  disappeared,  and  an  additional 
semicircle  was  detected. 

Fig.  5  shows  Bode  plots  corresponding  to  the  complex  plane 
plots  in  Fig.  4b.  The  upper  figure  (Fig.  5a)  shows  the  loga¬ 
rithm  of  the  measured  impedance  modulus,  |Z|,  plotted  against 
the  logarithm  of  the  applied  frequency.  The  impedance  mod¬ 
ulus  increased  with  decreasing  cell  voltage  in  the  frequency 
range  from  0.1  Hz  to  1  MHz.  The  lower  figure  (Fig.  5b)  shows 
the  phase  angle  of  the  measured  impedance  plotted  against  the 
applied  frequency.  While  phase  angle  decreased  with  lower  cell 
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Fig.  4.  Nyquist  plots  for  graphite/polysiloxane-based  electrolyte/lithium  metal 
cell  measured  at  2.5,  1.7,  0.4,  and  0.05  V  vs.  Li/Li+:  (a)  without  VEC  and  (b) 
with  VEC. 


voltage  in  the  frequency  range  from  2  to  100  mHz,  the  phase 
angle  increased  with  lower  cell  voltage  between  10  and  50  Hz. 

All  impedance  elements  of  the  EC  depend  on  the  cell  volt¬ 
age.  This  is  illustrated  in  Fig.  6,  where  conductivity  is  plotted 
versus  voltage  that  was  derived  using  the  experimental  value 
of  Select-  The  addition  of  VEC  increased  the  electrolyte  con¬ 
ductivity  over  the  entire  voltage  range.  Although  the  electrolyte 
conductivity  both  with  and  without  the  VEC  additive  did  not 
change  significantly  between  2.1  and  3.2  V,  the  electrolyte  con¬ 
ductivity  decreased  sharply  with  decreasing  cell  voltage  between 
1.6  and  1.9  V,  and  then  more  gradually  in  the  ranges  of  1.05-1.2 
and  0.3-0. 5  V.  The  data  indicate  that  the  magnitude  of  elec¬ 
trolyte  conductivity  depends  on  the  presence  or  absence  of  VEC, 
although  the  relative  dependencies  of  electrolyte  conductivity  on 
cell  voltage  for  both  cases  were  the  same. 

The  circuit  parameters  corresponding  to  the  passive  films 
were  evaluated  to  clarify  the  dependence  on  cell-voltage.  The 
dependence  of  /?fum  on  cell  voltage  is  shown  in  Fig.  7,  and  the 


(a)  log  (frequency) 


(b)  log  (frequency) 

Fig.  5.  Bode  plots  for  graphite/polysiloxane-based  electrolyte/lithium  metal  cell 
measured  at  2.5,  1.7,  0.4,  and  0.05  V  vs.  Li/Li+. 


Fig.  6.  The  calculated  conductivity  of  the  electrolyte  as  a  function  of  the  cell 
voltage. 


Fig.  7.  Values  of  Kfiim  as  a  function  of  the  voltage  of  the  graphite/polysiloxane- 
based  electrolyte/lithium  metal  cell. 


H.  Nakahara  et  al.  /  Journal  of  Power  Sources  158  (2006)  600-607 


605 


Fig.  8.  Values  of  7fiim  as  a  function  of  the  voltage  of  graphite/poly  siloxane-based 
electrolyte/lithium  metal  cell. 


Fig.  9.  Values  of  7di  as  a  function  of  the  voltage  of  graphite/polysiloxane-based 
electrolyte/lithium  metal  cell. 


dependence  of  7'fiirn  on  cell  voltage  is  shown  in  Fig.  8.  The  /7m rn 
value  was  constant  at  voltages  above  1.8  V  for  both  electrolytes 
(with  and  without  VEC),  and  increased  between  1.5  and  1.8  V. 
While  Rf,]m  for  the  electrolyte  without  VEC  increased  in  the 
voltage  ranges  of  1.2-1. 3  and  0.3-0.5V,  Rmm  f°r  electrolyte 
with  VEC  did  not  change  in  the  voltage  range  of  0.5-1 .5  V.  /?fum 
for  both  electrolytes  decreased  below  0.5  V.  While  the  7’nirn  val¬ 
ues  for  electrolyte  without  VEC  rose  in  the  voltage  range  of 
1 .2-1.7  V  and  fell  at  0.4-0. 6  V  (Fig.  8),  the  7fnm  for  electrolyte 
with  VEC  showed  a  constant  value  in  the  range  above  1 .7  V, 
followed  by  a  monotonic  decrease  below  1.7  V. 

The  dependences  of  the  double-layer  capacitance  parameter 
on  cell  voltage,  T&\,  for  electrolyte  with  and  without  VEC  are 
shown  in  Fig.  9.  Although  the  value  of  7di  for  the  modified  elec¬ 
trolyte  did  not  change  above  1.75  V,  it  increased  with  decreasing 
cell  voltage  between  1.4  and  1.75  V,  and  decreased  monotoni- 
cally  below  1 .4  V. 

The  dependence  of  the  charge  transfer  resistance,  Rct,  on  the 
cell  voltage  is  shown  in  Fig.  10.  The  value  of  Rct  for  both  elec¬ 
trolytes  was  constant  above  1.9  V,  and  increased  with  decreasing 
cell  voltage  below  1 .9  V.  In  contrast,  Rct  for  the  modified  elec¬ 
trolyte  with  VEC  did  not  increase  between  0.5  and  1.5  V.  On  the 
other  hand,  Rct  for  the  unmodified  electrolyte  (without  VEC) 
continued  to  increase  between  0.4  and  1 .5  V. 


Cell  voltage/  Volt 


Fig.  10.  Values  of  Rct  as  a  function  of  the  voltage  of  graphite/polysiloxane-based 
electrolyte/lithium  metal  cell. 

5.  Discussion 

The  complex  plane  plots  shown  in  Fig.  4  indicate  that  the 
curve  calculated  using  the  fit  parameters  from  the  proposed  EC 
accurately  matches  the  experimental  data  (shown  with  markers). 
The  small  uncertainty,  y2,  of  the  fitting  supports  the  asser¬ 
tion  that  the  proposed  EC  (Fig.  2)  is  suitable  for  modeling 
the  electrochemical  reactions  in  the  graphite/polysiloxane-based 
electrolyte/lithium  metal  cell  system,  both  with  and  without 
VEC.  The  EC  thus  constitutes  a  reliable  analog  representing 
the  electrochemical  properties  of  the  passive  films  and  the  elec¬ 
trochemical  reaction  on  the  graphite  surface. 

In  earlier  work,  EIS  analysis  was  shown  to  correspond  to  mor¬ 
phological  and  compositional  changes  in  the  surface  of  HOPG 
lithiated  in  PS-B  electrolyte  without  VEC  [1,27].  That  work  led 
to  the  conclusion  that  the  increase  in  passive  film  resistance, 
fifilm  at  1. 6-1.9  V  (T^fUm,  island,  no  additive  in  Fig.  7)  corresponded 
to  formation  of  an  island-like  film  caused  by  decomposition  of 
a  bis(oxalato)  anion  [27].  Furthermore,  the  increase  in  Ra\m  at 
1.2-1. 4  V  (/?£iim,  gel,  no  additive  in  Fig.  7)  was  attributed  to  gel-like 
film  formation  initiated  by  the  formation  reaction  of  island¬ 
like  film  [27].  In  the  present  work,  no  additional  increment  in 
^fiim  was  observed  in  the  range  of  1 .2-1.4  V  in  the  presence 
of  VEC.  This  supports  previous  assertions  about  the  relation¬ 
ship  between  the  two  types  of  passive  film  and  the  increase 
in 

The  morphological  and  electrochemical  roles  of  the  VEC 
additive  were  manifest  in  a  variety  of  experimental  data  and 
observations.  SEM  inspection  showed  the  absence  of  a  gel-like 
film  on  the  HOPG  after  charged  in  the  VEC-modified  electrolyte. 
These  observations  were  consonant  with  EIS,  and  suggest  that 
VEC  prevents  the  formation  of  a  gel-like  film  over  the  island-like 
film,  and  that  the  gel-like  film  was  composed  of  a  polysiloxane 
derivative  [1],  In  the  presence  of  the  VEC  additive,  the  incre¬ 
ment  in  flfiim  in  the  range  of  1.6-1. 9  V  (7?flim, island,  withVEc)  was 
only  92  C  cm2,  in  contrast  with  the  670  Q  cm2  measured  in  no 
additive  electrolyte  (.Rfiim,  island,  no  additive)-  In  addition,  the  film 
capacitance,  Tfnm  decreased  monotonically  below  1.9  V  in  the 
presence  of  VEC  (Fig.  8).  These  results  indicate  that  the  VEC 
addition  altered  the  nature  of  the  passive  film,  which  became 
thinner  and/or  smoother  [27,49]. 
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Earlier  work  showed  that  the  gel-like  film  was  formed 
from  by-products  generated  by  decomposition  of  polysiloxane 
molecules  and  the  bis(oxalato)  borate  anion  [27].  Based  on  SEM 
observations,  EDX  analysis,  and  the  dependence  of  AY,],,,  on 
cell  voltage,  the  VEC  molecule  appears  to  scavenge  the  active 
species,  causing  the  gel-like  film  produced  by  decomposition  of 
the  bis(oxalato)  borate  anion.  Furthermore,  although  no  other 
passive  films  were  detected,  this  does  not  preclude  the  possibil¬ 
ity  of  a  passive  film  arising  from  a  completely  different  source, 
such  as  a  VEC  reaction  with  an  active  decomposed  anion.  The 
detailed  electrochemical  mechanism  of  formation  or  prevention 
of  the  gel-like  film  awaits  further  investigation. 

Changes  in  the  conductivity  for  the  VEC-modified  electrolyte 
showed  tendencies  similar  to  the  standard  electrolyte.  Earlier 
work  concluded  that  the  observed  conductivity  change  derived 
from  the  change  in  electric  contact  resistance  among  graphite 
particles  associated  with  the  formation  of  passive  films  [27].  In 
the  present  work,  the  decrease  in  conductivity  with  or  without 
VEC  exhibited  the  same  magnitude  and  dependence  on  cell  volt¬ 
age.  Consequently,  the  decrease  in  electrolyte  conductivity  was 
related  to  formation  of  the  island-like  film,  not  the  gel-like  film. 
The  relative  contributions  of  these  factors  are  presently  under 
investigation. 

The  dependence  of  both  Rct  and  7’,]]  on  cell  voltage  was 
simpler  for  the  VEC-modified  electrolyte  than  for  the  standard 
electrolyte,  apparently  because  of  VEC-induced  modifications 
to  electrochemical  reactions  on  the  graphite  electrode  surface. 
The  increase  in  7di  at  1.3-2.0V  arises  from  the  increase  in 
surface  area  caused  by  island-like  film  formation.  Likewise, 
the  decrease  in  TL\\  below  1.3  V  corresponds  to  the  forma¬ 
tion  of  a  smoother  surface  caused  by  coalescence  within  the 
island-like  film.  The  increase  in  Rct  in  the  range  of  1. 5-2.0  V 
indicates  that  the  growth  of  the  island-like  film  inhibited  the 
charge  transfer  reaction  on  the  graphite  surface.  Furthermore, 
this  increased  the  surface  contact  area  available  for  electrochem¬ 
ical  reaction  between  the  graphite  surface  and  the  electrolyte.  No 
change  was  observed  in  Rct  for  the  VEC-modified  electrolyte 
in  the  range  of  0.5-1. 5  V,  indicating  that  sites  at  the  boundary 
between  graphite  surface  and  island-like  film  were  unchanged. 


Fig.  1 1 .  Discharge  curves  of  LiCo02 /graphite  coin  cells  with  polysiloxane- 
based  electrolyte  added  with  different  amounts  of  VEC  (taken  from  Ref.  [1]). 


The  magnitude  of  Rci  for  the  VEC-modified  electrolyte  was 
1325-4241  Q  cm2,  a  substantial  decrease  compared  to  the  mag¬ 
nitude  of  3797-7418  £2  cm2  for  the  standard  electrolyte  [27]. 
However,  this  value  was  greater  than  values  for  the  carbonate 
solvent  dissolving  LiPFg  (3-10  C  cm2  [40]),  and  for  the  carbon¬ 
ate  solvent  dissolving  LiCi04  (60-80  Q  cm2  [44]).  The  electric 
double-layer  capacitance,  7’(n,  fell  in  the  same  range  of  values 
observed  in  other  studies  [27,27]. 

The  discharge  capacity  of  the  LiCoCVgraphite  cell  increased 
because  of  VEC  addition,  as  shown  in  Fig.  11  [1],  The  increase 
in  discharge  capacity  was  associated  with  decreases  in  film  resis¬ 
tance  and  charge  transfer  resistance.  In  addition,  the  increase  in 
electrolyte  conductivity  contributed  to  the  observed  increase  in 
discharge  capacity. 

6.  Conclusions 

Characteristics  of  the  island-like  film  on  a  graphite  electrode 
were  altered  by  VEC  addition.  In  particular,  charge  transfer  resis¬ 
tance  and  passive  film  resistance  were  decreased.  The  enhanced 
electrical  properties  of  the  graphite  electrode  in  the  presence 
of  VEC  produced  an  increase  in  the  discharge  capacity  of  the 
electrode. 

Modifying  the  nature  of  the  passive  film  significantly  affected 
the  electrochemical  performance  of  a  graphite  electrode.  The 
VEC  addition  modified  passive  films  on  the  HOPG  surface 
morphologically  and  compositionally.  The  VEC  additive  effec¬ 
tively  prevented  the  formation  of  the  gel-like  film  produced  by 
cross-linking  polysiloxane  molecules.  Furthermore,  EIS  analy¬ 
sis  revealed  that  the  electrical  characteristics  of  the  electrodes, 
such  as  high-current  discharge  capability,  presently  prevent  the 
commercial  use  of  polysiloxane-based  electrolytes  [65]. 

The  charge  transfer  resistance  for  the  present  electrolyte 
system  was  still  greater  than  that  of  conventional  carbonate 
electrolyte  systems.  Clearly,  further  reduction  in  the  charge 
transfer  resistance  is  required  to  realize  the  commercialization 
of  polysiloxane-based  electrolyte.  To  achieve  this  reduction,  the 
types  of  salt  and  polysiloxane  molecular  structures  reported 
here,  while  viable  candidates  for  a  battery  system  will  require 
optimization  of  the  salt  and  polysiloxane  molecular  structure 
through  surface  modification.  Microscopic  observations  and  EIS 
analysis  should  provide  further  insights  into  the  nature  and  for¬ 
mation  mechanisms  of  passive  films,  and  expedite  optimization. 
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